Sports-related concussions have been shown to lead to persistent subclinical anomalies of the motor and cognitive systems in young asymptomatic athletes. In advancing age, these latent alterations correlate with detectable motor and cognitive function decline. Until now, the interacting effects of concussions and the normal ageing process on white matter tract integrity remain unknown. Here we used a tract-based spatial statistical method to uncover potential white matter tissue damage in 15 retired athletes with a history of concussions, free of comorbid medical conditions. We also investigated potential associations between white matter integrity and declines in cognitive and motor functions. Compared to an age-and education-matched control group of 15 retired athletes without concussions, former athletes with concussions exhibited widespread white matter anomalies along many major association, interhemispheric, and projection tracts. Group contrasts revealed decreases in fractional anisotropy, as well as increases in mean and radial diffusivity measures in the concussed group. These differences were primarily apparent in fronto-parietal networks as well as in the frontal aspect of the corpus callosum. The white matter anomalies uncovered in concussed athletes were significantly associated with a decline in episodic memory and lateral ventricle expansion. Finally, the expected association between frontal white matter integrity and motor learning found in former non-concussed athletes was absent in concussed participants. Together, these results show that advancing age in retired athletes presenting with a history of sports-related concussions is linked to diffuse white matter abnormalities that are consistent with the effects of traumatic axonal injury and exacerbated demyelination. These changes in white matter integrity might explain the cognitive and motor function declines documented in this population.
Introduction
Surveys including head injury for which no medical assistance is sought estimate that the incidence of sports concussions is somewhere between 1.6 to 3.8 million annually in the USA alone (Langlois et al., 2006) , thus making any potential long-term consequence of the injury sizeable in both human and economic terms. The consequences of sport-related injuries have received even more intensified scrutiny in the popular media as notorious professional athletes that had suffered multiple injuries, regardless of severity, showed early signs of neurodegeneration (McKee et al., 2009 (McKee et al., , 2013 . Unfortunately, research addressing the potential association between concussion and neurodegeneration is sparse (Klein et al., 1996; Monti et al., 2013) , partly because the characterization of the long-term effects of sport-related concussion has only been acknowledged by the scientific community within the last decade. Indeed, while the acute effects of concussions have been extensively studied to make better informed return-to-play decisions (review in Giza et al., 2013) , the chronic effects of these mild head traumas have only recently been addressed systematically (review in De Beaumont et al., 2012a) . Moreover, the potential interaction between the long-term effects of sports concussions and the ageing process has only been touched on by a few investigators thus far (Guskiewicz et al., 2005; De Beaumont et al., 2009 Broglio et al., 2012; Didehbani et al., 2013; Hart et al., 2013; Strain et al., 2013; Tremblay et al., 2013) .
Little is known about the synergistic effects between ageing and a history of sports concussions and how this interaction might exacerbate cognitive decline later in life. We know, however, that the normal ageing process is associated with significant changes in both grey and white matter in the brain (Raz and Rodrigue, 2006; Fjell et al., 2013) . Grey matter volume loss is particularly salient within the parenchyma of both the frontal and temporal lobes (Raz et al., 1997; Tisserand et al., 2002; Masliah et al., 2006; Fjell et al., 2009) . White matter is also highly vulnerable to the ageing process, with an estimated volume loss of 45% between the ages of 20 and 80 years (Salat et al., 1999; Marner et al., 2003) . Age-related white matter anomalies are thought to partly underlie the decline in cognitive function typical of the normal ageing process, which encompasses domains of information processing speed, psychomotor speed, postural stability, memory, attention and executive functions (Gunning-Dixon et al., 2009; Madden et al., 2009) .
The long-term pathophysiology of sports concussion shows some overlap with normal age-related neurocognitive downturn. Namely, accelerated age-related cognitive decline is observed in functions such as episodic memory and attention in retired athletes with a remote history of sports concussions relative to same-aged peers without a history of concussion (De Beaumont et al., 2009) . Moreover, retired athletes with a history of concussions exhibit significant decline in motor execution speed as well as sequential motor learning compared to age-and education-matched controls . Importantly, these functional manifestations were found to be correlated with electrophysiological and metabolic anomalies in brain regions implicated in the generation of these behaviours. More recently, structural investigations have revealed that the ventricular system, a usual target of agerelated effects, was significantly enlarged in aged, but otherwise healthy retired athletes with a history of concussions . However, apart from an interaction between age and the cortical thickness of areas most susceptible to the effects of ageing, not a single grey matter anomaly, including atrophy and morphometry measures of all cortical and subcortical structures of the brain, was uncovered when comparing former concussed athletes with non-concussed controls. Thus we are presented with a paradox: how can the ventricular system be enlarged without any change in grey matter? This leaves white matter as the final substrate to account for the balance, which is already known to change as a part of the ageing process.
The development of powerful neuroimaging tools has enabled us to investigate the integrity of whole-brain white matter volume. Diffusion tensor imaging (DTI) allows the quantification of water molecules' diffusion across brain tissues (Basser and Jones, 2002) where the direction and amplitude of this diffusion can be modelled (Assaf and Pasternak, 2008; Basser and Pierpaoli, 2011) . Fractional anisotropy is a measure of diffusion along the longitudinal axis of the axon. A decline in fractional anisotropy is thought to indicate damage to white matter (Mac Donald et al., 2007a) . Another measure, mean diffusivity, reflects overall diffusion amplitude regardless of directionality, which is expected to be elevated in membrane-free spaces such as the lateral ventricles, but restricted in cell-dense regions such as grey matter and white matter. Finally, metrics of axial and radial diffusivity, respectively reflect diffusion amplitude along the main direction of the tensor, and diffusion amplitude along the directions orthogonal to the main directions of the tensor. Axial and radial diffusivity are thought to reflect axonal and myelin loss, respectively (Song et al., 2002; Sun et al., 2006) . DTI technique has recently been improved by a novel computational method that allows a robust between-subject analysis of all major white matter tracts in the human brain. Tract-based spatial statistics (TBSS) involves co-registering fibre tracts of all subjects to a common 'skeleton' and performing statistics on every voxel of this 3D network, including correlational analyses between white matter integrity metrics and neurocognitive measurements (Smith et al., 2006) . Therefore, whole-brain white matter anomalies patterns affecting specific tracts can be related to particular cognitive/motor impairments in clinical populations. Multiple groups trying to uncover the nature of acute and chronic symptoms in concussed athletes have applied this technique (Zhang et al., 2010; Cubon et al., 2011; Koerte et al., 2012; Chamard et al., 2013; Hart et al., 2013; Strain et al., 2013) or older techniques (Zhang et al., 2003 Chappell et al., 2006; Henry et al., 2011; Bazarian et al., 2012; Marchi et al., 2013; Virji-Babul et al., 2013) . Diffuse anomalies during the acute and sub-acute periods are described in most cases along various major interhemispheric, associative, and projection fibre tracts, although no consistent spatial pattern of injury seems to emerge from those studies (Gardner et al., 2012) .
Recently, Hart and colleagues (2013) investigated white matter integrity in retired athletes with a history of sports concussions. Participants from the latter study were ex-NFL players, of whom half were affected by neuropsychiatric (i.e. depression) or neurological (i.e. dementia or mild cognitive impairment, MCI) conditions. The authors separated subjects into cognitively normal and cognitively impaired groups of concussed players for statistical comparison. When looking at diffusion-based measures of white matter integrity, the authors found significant differences between cognitively impaired athletes and a matched control group of nonathletes, but found no difference between clinically normal retired players with concussion history and the control group. Therefore, this investigation recapitulated what is already known of the effects of MCI, dementia, and depression on white matter integrity, failing to dissociate the effects of such clinical conditions and those of sports concussions. Studies showing a high level of control on confounding factors such as clinical comorbidity are still required to unravel the effects of ageing with a history of concussion on white matter tissue integrity.
The current study presents the first investigation of white matter integrity on aged but clinically normal retired athletes with a history of sports-related concussions. In this study, we have focused on eliminating confounding factors such as drug abuse, clinical comorbidity and genetic predisposition that are currently obfuscating the long-term effects of concussions (Mccrory et al., 2013) . We used TBSS to assess whole-brain white matter integrity in conjunction with an exhaustive neuropsychological test battery to investigate plausible neurocognitive correlations. In addition, previously acquired structural imaging data of ventricular and grey matter integrity are re-analysed in the context of the current investigation to examine their relationship to white matter findings.
Materials and methods

Participants
The sample of participants is the same as the one described in a previous study by our group . All participants included in this study were former male university-level athletes between the ages of 51 and 75 years, recruited with the help of university athletics organizations. Participants played either for their respective university's ice hockey (70%) or American football (30%) teams. Participants were excluded if they presented any of the following characteristics: a history of alcohol and/or substance abuse, a current or a history of neurological or psychiatric condition (e.g. MCI, Alzheimer's disease, depression), a medical condition requiring daily medication or radiotherapy (malignant cancer, diabetes, hypertension, and/or other cardiovascular diseases), a learning disability (e.g. dyslexia), or traumatic brain injury (TBI) unrelated to contact sports (e.g. fall, motor vehicle accident, assault). All participants had to score 49 on the Beck Depression Inventory II to rule out the presence of depressive symptoms. Moreover, participants were not to have sustained sports-related concussions since the end of their university athletic career. To better control for data contamination due to the protective properties of regular physical activity on age-related cognitive function (Lindsay et al., 2002) , participants had to report engaging regularly in physical activity at least three times a week at the time of testing and to have maintained this level of activity since the end of their athletic career. In addition, all participants had to have a body mass index (BMI) 530 kg/m 2 , according to the criteria for obesity of the World Health Organization.
Participants were divided into two groups as a function of their sports-related concussion history. The experimental group consisted of 15 former university-level athletes with a mean age of 60.87 years [standard deviation (SD) 7.51] and a mean level of education of 16.67 years (SD 4.07) who sustained their last sports concussion in early adulthood (mean 24.00 and SD 4.55). A standardized concussion history questionnaire (Collins et al., 2002; De Beaumont et al., 2009) was administered in an interview setting by an experienced sports physician to obtain detailed information about the number of previous concussions, their approximate date, the description of the accident, and the nature and duration of on-field post-concussion severity markers (confusion and/or disorientation, retrograde and/or anterograde amnesia, and loss of consciousness). Concussion was defined according to the definition provided by the 2009 Consensus Statement on Concussion in Sports (Mccrory et al., 2009) as 'a complex pathophysiological process affecting the brain, induced by traumatic biomechanical forces, that results in the rapid onset of short-lived impairment of neurologic function that may or may not include loss of consciousness (LOC).' The number of reported concussions sustained by the experimental group ranged from 1 to 5 (mean 2.08 and SD 1.31) and the time elapsed since the last concussion spanned from 29 to 53 years (mean 37.08 and SD 7.10). All brain injuries classified as 'mild' on the Glasgow Coma Scale (scores ranging from 13 to 15) and did not lead to chronic complications (e.g. post-concussion syndrome or other persistent clinical symptoms).
The control group consisted of 15 former university-level athletes with a mean age of 58.13 (SD 5.28 ) and a mean level of education of 17.27 (SD 3.45) who had no prior history of concussion. The two groups did not differ according to age [t(28) = 1.15, P = 0.259], level of education [t(28) = 0.44, P = 0.666], or frequency of the APOE " 4 allele (Fisher's exact test P = 1.00). The study was approved by the local ethics committees and all participants provided written informed consent before testing in accordance with the Declaration of Helsinki (World Medical Association, 2013) .
Neuropsychological testing
Experimental procedures are as described in a previous article . Participants underwent two testing sessions. The first session included the interview with the sports physician to assess inclusion criteria and group classification using a general health questionnaire and a concussion history questionnaire. Following examination by the physician, a neuropsychologist blinded to group membership administered an exhaustive neuropsychological test battery aiming to assess age-related neurocognitive decline. The battery included tests of general cognitive ability (Mini-Mental State Examination), verbal fluency (semantic and phonemic), verbal and visual episodic memory (Rey Auditory Verbal Learning Test and Taylor Complex Figure Test) , attention (Eriksen Flanker Task) and processing speed (Trail Making Test A and B and Symbol Digit Modalities Test). A computerized Serial Reaction Time Task was also administered to assess sequence-specific and non-specific motor learning for method). The Beck Depression Inventory-II was administered after the completion of the neuropsychological test battery.
Genotyping
At the end of the first session, saliva samples were collected to establish the APOE genotype of participants. DNA extraction from saliva samples was performed using Oragene OG-250 s kits (DNA Genotek) and participants were genotyped for APOE 112 (rs429358)-158 (rs7412) polymorphisms. PCR amplification was carried out as previously described (Petersen et al., 2005) . APOE polymorphisms were subsequently determined via an established pyrosequencing protocol (Petersen et al., 2005) .
Neuroimaging
The second session consisted of the neuroimaging evaluation. All magnetic resonance examinations were performed on a Siemens 3 T Magnetom TIM TRIO scanner with a 12-channel head coil (Siemens). T 1 and T 2 -weighted images of the whole brain were acquired using an MP-RAGE and a turbo-spin echo sequence, respectively. Specific parameters of the acquisition sequences are described elsewhere . From the T 1 images, we investigated peripheral grey matter tissue morphology using an optimized voxel-based morphometry analysis (Good et al., 2001 ) using the tools from the FSL toolbox (Smith et al., 2004) . From the same images, we quantified gross brain tissue volumes of grey matter, white matter, and CSF, normalized for subjects' intracranial volume, using the SIENAX tool (Smith et al., 2002) . We also assessed sub-cortical grey matter volume and morphology using the FIRST tool from the same toolbox (Patenaude et al., 2011) . Lastly, we assessed cortical grey matter integrity using a cortical thickness analysis implemented in the CIVET pipeline from the McConnell Brain Imaging Centre at McGill University (Lyttelton et al., 2007) .
For the purpose of DTI analysis, diffusion-weighted volumes were acquired using gradients applied in 32 non-colinear directions. The following parameters were used: 75 contiguous slices; slice thickness = 2 mm; field of view = 256 Â 256 mm 
DTI analysis
The diffusion images were preprocessed using the Imeka pipeline (www.imeka.ca). The pipeline involved: (i) denoising the diffusion images using NLMeans tools (Wiest-Daesslé et al., 2008) ; (ii) upsampling the diffusion images to 1 mm isotropic to fit the T 1 image resolution; (iii) masking of the white matter using segmented anatomical MRI of the subject with FAST from the FSL package (www.fmrib.ox. ac.uk/fsl/); and (iv) computing the fractional anisotropy, mean, axial and radial diffusivity maps using the diffusion tensor model with the software MRtrix (www.brain.org.au/software/mrtrix/). Voxel-wise analysis of the fractional anisotropy, mean, axial and radial diffusivity data was carried out using TBSS in the FMRIB Software Library. Image analysis using TBSS involved a number of steps: (i) non-linear alignment of all subjects' fractional anisotropy images to the most representative subject of the current aged cohort; (ii) affine-transformation of the aligned images into standard MNI152 1 mm space; (iii) averaging of the aligned fractional anisotropy images to create a 4D mean fractional anisotropy image; (iv) thinning of the mean fractional anisotropy image to create a mean fractional anisotropy 'skeleton' representing the centre of all white matter tracts, and in this way removing partial volume confounds; and (v) thresholding of the fractional anisotropy skeleton at fractional anisotropy 40.3 to suppress areas of extremely low mean fractional anisotropy and excluding those with considerable interindividual variability. Similar steps for processing non-fractional anisotropy images were then carried out to obtain the mean, axial and radial diffusivity images. Non-parametric permutation-based statistics were employed using 'Randomize' with threshold-free cluster enhancement and 5000 permutations. A threshold of P 5 0.05 was then applied on the results, corrected for multiple comparisons. Age and intracranial volume were included as covariates of no interest in all TBSS analyses.
Results
Demographics and cognitive function
The demographic information and the neuropsychological assessment results for each group are summarized in Table 1 . These results were presented in previous studies (De Tremblay et al., 2013) and are reproduced here to justify the correlational analyses carried out between the cognitive variables and the new DTI findings. None of the participants presented any signs of depression (BDI-II scores 4 9), dementia (MMSE 5 27), or any other symptoms of neurological or psychiatric conditions sufficient to fulfil the criteria for a clinical diagnosis. However, neuropsychological assessment revealed subclinical cognitive alterations in the concussed group in memory and executive function domains. Relative to controls, former athletes with concussions showed reduced semantic verbal fluency and episodic memory on both delayed recall and recognition conditions of the Taylor Complex Figure Test , while performance on the copy trial was not different across groups. They also exhibited higher retroactive interference on the Rey Auditory Verbal Learning Test. Finally, concussed participants benefited significantly less from motor training on the Serial Reaction Time Task, as demonstrated by a significant group difference on sequence-specific learning.
Conventional imaging
Neuroradiological examination of T 1 and T 2 -weighted images revealed benign alterations of brain parenchyma consistent with the effects of normal ageing. Slightly dilated Virchow Robin spaces were found in 33% of controls and in 20% of patients. Benign leukoencephalopathy of probable arteriosclerosis origin were detected in 47% of controls and 40% of patients. These observations were considered to be within the normal range for age and of no clinical significance. No other anomalies affecting white matter, cortical or subcortical grey matter, or the ventricular system were found in either group. No microbleeds or overt signs of diffuse axonal injury were detectable in the current sample using conventional imaging techniques.
Structural imaging
These results were presented in previous studies (De Tremblay et al., 2013) and are reproduced here to justify the correlational analyses carried out between the structural imaging variables and the new DTI findings. The structural analysis of peripheral grey matter morphometry using FSL-VBM revealed no group differences across the whole brain. Moreover, peripheral grey matter volume as well as cortical thickness measurements revealed no main effect of group. Subcortical grey matter morphometry and volumetry did not lead to significant group differences either. Overall, at the achieved statistical power, no grey matter abnormalities were uncovered when comparing group means. However, when looking at the effect of age on cortical thickness, a significant group by age interaction was uncovered on the cortical thickness of various clusters situated over frontal and temporal regions (see Fig. 3 in Tremblay et al., 2013) .
When looking at the ventricular system, a significant expansion of the lateral ventricles was observed in the concussed group, which correlated significantly with abnormal delayed recall and recognition performance of the Taylor Complex Figure  Test .
Diffuse white matter anomalies revealed by DTI TBSS revealed a diffuse pattern of white matter anomalies throughout the concussed ageing brain in comparison to the non-concussed ageing brain. In general, group differences implicated decreased fractional anisotropy, increased mean diffusivity as well as increased radial diffusivity in the concussed group. Specifically, lower fractional anisotropy was observed in interhemispheric fibres of the corpus callosum (anterior body and genu) and forceps minor, and in intra-hemispheric association fibres of the right inferior longitudinal fasciculus, the right inferior fronto-occipital fasciculus and bilateral superior longitudinal fasciculi (Fig. 1) . Projection fibres showing signs of lower fractional anisotropy included the anterior limb of the right internal capsule, the right external capsule, as well as the right corona radiata probably involving the corticospinal tract in its dorsal aspect (Fig. 1) . The same contrast revealed a similar pattern of anomalies pertaining to increased mean diffusivity in major fibre tracts in the concussed brain (Fig. 2) . Namely, the anterior body and the genu of the corpus callosum, as well as the forceps minor, exhibited higher mean diffusivity compared to controls. Moreover, association fibres such as bilateral uncinate fasciculi, the anterior aspects of the inferior fronto-occipital fasciculi, and superior longitudinal fasciculi in their frontal and parietal aspects showed similar anomalies (Fig. 2) . Affected projection fibres included the external capsule, the anterior and posterior limb of the internal capsule, and the frontal aspects of corona radiata involving bilateral corticospinal tracts. As opposed to fractional anisotropy maps, mean diffusivity maps did not involve inferior temporal or occipital aspects of major fibre tracts (e.g. inferior longitudinal fasciculus), but did exhibit a higher hemispheric symmetry of frontal and parietal anomalies. Radial diffusivity maps revealed extensive anomalies encompassing nearly all fibre tracts affected by abnormal mean diffusivity, with the exception of the dorsal most portion of the right corona radiata underneath the right medial primary motor cortex and the right superior frontal gyrus (Fig. 3) . Furthermore, radial diffusivity was abnormally elevated in the temporal and occipital aspects of the right inferior longitudinal fasciculus, which also showed decreased fractional anisotropy (Fig. 3) . No white matter tracts exhibited significantly different axial diffusivity across groups. Moreover, there were no white matter tracts showing either increased fractional anisotropy, decreased mean diffusivity or decreased axial diffusivity in the concussed group. Interestingly, not a single map revealed diffusion anomalies in the fornices, or in midbrain, pontine, cerebellar or medullar fibres of the brainstem of concussed individuals. The general pattern of abnormality could be characterized as mainly frontoparietal, and to some extent temporal on the right side. The affected sections of the main inter hemispheric fibre tract (i.e. corpus callosum) were consistent with a fronto-parietal pattern of white matter anomalies (Figs 1-3 ).
Regression analysis of white matter integrity and cognition
Numerous correlations were found between measures of cognitive function and the various white matter integrity indices. First, visual episodic memory function was found to be correlated to mean diffusivity, axial diffusivity and radial diffusivity in the concussed group, such that increases in those diffusivity measures predicted memory decline on the delayed recall of the Taylor Complex Figure Test . In the cases of mean diffusivity and radial diffusivity maps, for which significant group differences were uncovered, clusters of significant association were dispersed across the entire fronto-parietal network described in the previous section, in addition to both associated inferior longitudinal fasciculi (Fig. 4A-C) . The integrity of the anterior body and genu of the corpus callosum was also predictive of episodic memory function. With regards to the axial diffusivity map, for which no group differences were found, small bilateral clusters in the frontal poles at the rostral extremity of the forceps minor were the only observations of significant associations. No relationship was found between measures of fractional anisotropy and visual episodic memory performance on this test in concussed individuals. Moreover, none of these structure-function relationships were present in the control group. Interaction analyses revealed a significant group interaction on the relationship between mean diffusivity measurements and memory function, whereby elevated mean diffusivity in concussed participants was predictive of reduced performance on the Taylor Complex Figure Test , while no such relationship was present in control participants (Fig. 4D-F) . Voxels of significant interaction were mainly located in the anterior body and genu of the corpus callosum, the forceps minor and anterior corona radiata extending in the bilateral prefrontal lobes.
Regression analysis of white matter integrity and motor learning
The integrity of various white matter tracts correlated with sequential motor learning in healthy controls. The radial diffusivity of the left corona radiata, including the left corticospinal tract in its central aspect, as well as its frontal radiations into primary motor and premotor cortices, was predictive of good motor learning (Fig. 5A-C) . This result is expected as participants completed the motor task with their contralateral limb (i.e. right hand). Measures of mean diffusivity in the left frontal lobe also correlated negatively with motor learning in healthy controls, albeit to a spatial extent restricted to the dorso-rostral radiations of the left corona radiata feeding into the left superior frontal gyrus. No measures of fractional anisotropy or axial diffusivity explained any variance in motor learning efficiency in controls. Interestingly, not a single anatomical-functional relationship uncovered in controls was replicated in the concussed group. In fact, a significant group interaction was observed over the radial diffusivity of many major left hemisphere tracts (Fig. 5D-F) . More specifically, the relationship between radial diffusivity in left hemisphere tracts and sequential motor learning was significantly different in the concussed group across the entire left corona radiata including the left corticospinal tract, as well as the left superior longitudinal fasciculus. Importantly, the area of significant interaction covered all tracts that were previously found to be correlated with the extent of motor learning in healthy controls (Fig. 5) . In summary, the normal negative relationship between radial diffusivity in the left corona radiata and sequential motor learning with the right hand was disrupted in remotely concussed individuals.
Regression analysis of white matter integrity and ventricular system
As previously stated, the concussed group presented significantly enlarged lateral ventricles compared to the control group. The extent of this ventricular enlargement was found to be correlated with multiple indices of white matter integrity. Axial, radial and White matter anomalies in ageing concussed athletes mean diffusivity were all found to be positively correlated with ventricular enlargement in the concussed group across a wide array of white matter tracts. In particular, mean diffusivity across the entire network of fronto-parietal connections that was previously shown to be significantly different across groups was found to be positively related to the volume of the lateral ventricles in concussed individuals (Fig. 6A-C) . In addition, this relationship involved both temporal lobes and inferior longitudinal fasciculi. Maps of radial diffusivity exhibited a very similar spatial pattern of relationship. Of particular interest, mean and radial diffusivity did not correlate with ventricular enlargement in most major white matter tracts immediately adjacent to the lateral ventricles, including the anterior and rostral posterior limbs of the internal capsule, the medial aspect of the corpus callosum, as well as ventromedial parts of the corona radiata ( Fig. 6A-C ; blue traces). However, the axial diffusivity of these periventricular white matter tracts was positively correlated with ventricular enlargement, with the exception of the medial aspect of the corpus callosum ( Fig. 6A-C; pink traces) . In the control group, none of the preceding observations were replicated, leading to significant group interactions. First, the relationship between ventricular volume and mean diffusivity was significantly different in concussed compared to control participants over the entire span of white matter tracts that showed a significant positive correlation in the concussed group (Fig. 6D-F) . Radial diffusivity maps of the interaction showed a very similar pattern, covering most of the tracts that correlated significantly with ventricular enlargement in concussed participants, with the exception of the temporal part of the right superior longitudinal fasciculus and the right inferior longitudinal fasciculus. Finally, maps of group interaction on axial diffusivity measures showed a diffuse array of significant clusters involving all periventricular tracts that were previously shown to be positively correlated with ventricular volume in concussed participants. Therefore, although variations in lateral ventricular volume were not predictive of white matter anomalies in healthy controls, it was a significant predictor in the case of concussed individuals, whose ventricles were abnormally enlarged relative to controls.
Discussion
The present study is the first to demonstrate the presence of diffuse white matter abnormalities in the brains of aged retired athletes with concussions who are otherwise clinically normal. The current findings in concussed individuals cannot be attributed to other factors such as depression, MCI, APOE genotype, dementia, drug or alcohol abuse, or any other confounding variables that are known to impact cognitive or motor systems with advancing age. To our knowledge, this is the only attempt to disentangle the specific contributions of ageing and sports concussions from other risk factors that are currently confusing the picture of the persistent effects of concussion on brain health (Mccrory et al., 2013) . Further, multiple neurocognitive and brain integrity variables were correlated with the uncovered white matter abnormalities, which further emphasizes the clinical pertinence of the current findings.
Relation to traumatic brain injury of higher severity
Our results show that ageing with a history of prior sports-related concussions induces a diffuse pattern of white matter anomalies affecting many major inter-hemispheric, intra-hemispheric as well as projection fibre tracts. Namely, fractional anisotropy maps revealed abnormally low anisotropy throughout a distributed frontoparietal network of fibres. Low fractional anisotropy has been linked to the presence of immunohistologically-confirmed traumatic axonal injury (Mac Donald et al., 2007a, b) , a hallmark of TBIs of higher severity (Povlishock and Christman, 1995) . In animal models of TBI, low fractional anisotropy is detected in the acute phase of the injury and persists throughout the subacute and chronic phases, reflecting mostly a secondary axonal injury implicating Wallerian degeneration, axonal collapse, demyelination and/or gliosis (Mac Donald et al., 2007a) . In human cases of chronic TBI, reduced fractional anisotropy with increased mean diffusivity are consistently reported (Inglese et al., 2005; Salmond et al., 2006; Benson et al., 2007; Kraus et al., 2007; Xu et al., 2007; Niogi et al., 2008; Sidaros et . Across the TBI spectrum, whole brain voxel-wise techniques such as TBSS typically reveal a diffuse pattern of anomalies affecting various major fibre tracts. However, in mild TBI, it seems that the anterior aspect of the corpus callosum as well as the internal capsule consistently and preferentially exhibit either reduced fractional anisotropy, increased mean diffusivity, or a combination of both (Shenton et al., 2012) . In our sample of concussed retired athletes, the anterior corpus callosum as well as the internal capsule showed a combination of decreased fractional anisotropy and increased mean diffusivity, which is consistent with findings in the chronic post-injury phase in younger patients with mild TBI.
White matter changes in young versus older concussed athletes
In young concussed athletes, the chronic phase seems to be characterized by a heterogeneous pattern of anomalies, although studies documenting this population are sparse (Gardner et al., 2012) . Findings are rather inconsistent, oscillating between reduced fractional anisotropy with increased mean diffusivity and increased fractional anisotropy with reduced mean diffusivity. We know from animal models of TBI that the acute phase of injury includes cytotoxic oedema and inflammatory responses, which compress white matter tissue leading to an acute decrease in mean diffusivity (Albensi et al., 2000; Van Putten et al., 2005) . Later stages of injury are thought to implicate secondary degenerative mechanisms that reverse this pattern of observation ( Mac  Donald et al., 2007a) . More studies are needed to bridge the acute white matter findings with the persistent anomalies uncovered in an ageing population of concussed athletes. With regard to anatomical locations of damage, the corticospinal tract is often cited as being especially susceptible to the effects of concussive injury, although this result might be biased by region of interest approaches that specifically target the corticospinal tract based on previous findings of motor system abnormalities in young asymptomatic concussed athletes (De Beaumont et al., 2007; Henry et al., 2011; Chamard et al., 2013 ; but see Pearce et al., 2014; Tremblay et al., 2014) . Whole-brain analyses of white matter tract integrity have revealed anomalies including, but not restricted to the corticospinal tract in concussed athletes well into the chronic post-injury phase Cubon et al., 2011; Chamard et al., 2013) . It is difficult to surmise how the changes observed in younger athletes in the subacute and chronic post-injury phases might inform long-term consequences such as those observed in the current study. If a single supposition can be made based on the extant literature it may be that changes to white matter, once manifest, do not resolve with time (Gardner et al., 2012) .
Comparisons with the normal ageing process
Perhaps the most difficult aspect of understanding concussions is that they occur on a dynamic substrate. That is to say, in addition to any changes that the injury itself may visit upon the brain, the brain itself is also changing secondary to several factors, chief among them being ageing which also leads to significant changes in white matter integrity. In order to understand the net result of the interaction between the chronic effects of concussions and ageing, it is necessary to compare the current pattern of anomalies with those documented in normal and pathological ageing. In normal ageing, significant white matter volume loss is documented in individuals in their 70s and 80s, mostly within the frontal and temporal regions (Fjell et al., 2013) . It is thought that grey matter volume loss might start early and is progressive, while white matter loss would appear later but in a more precipitous way. In addition, white matter hyperintensities on T 2 -weighted images become apparent mostly in periventricular white matter and are thought to suggest white matter damage of probable ischaemic origin (Malloy et al., 2007) . These observations often reflect rarefaction of myelin, vessel endothelium damage and microvascular disease. Demyelination, redundant myelination, and abnormal myelination including the formation of cavities within the myelin sheet are noticeable observations on post-mortem neuropathological examinations of older individuals (Gunning-Dixon et al., 2009) . These histological manifestations of normal ageing lead to specific observations using DTI. Most notably, an anteriorposterior gradient of fractional anisotropy reduction is observed using DTI in healthy older individuals, with the frontal regions showing the most important variations with age in contrast to more posterior regions (Salat et al., 2005; Ardekani et al., 2007; Grieve et al., 2007) . This gradient is also apparent within the corpus callosum, with the genu exhibiting significantly more fractional anisotropy reduction with advancing age compared to the splenium (Sullivan et al., 2006) . This reduction in fractional anisotropy across the brain is thought to be partly explained by an increase in radial diffusivity (Davis et al., 2009; Bennett et al., 2010; Burzynska et al., 2010) , which reflects myelin pathology (Song et al., 2002) . When interpreting our current results in concussed retired athletes, many similarities to the normal ageing effects are readily apparent as evidenced by DTI metrics. First, we found a frontoparietal network of anomalies sparing most posterior parietal and occipital white matter, consistent with the anterior-posterior gradient documented in healthy ageing. Reduced fractional anisotropy affected mainly frontal regions that are subject to age-related decline in white matter integrity. Likewise, the corpus callosum showed a similar gradient of injury, with the genu exhibiting significantly more anomalies than the splenium or posterior body. Importantly, most regions exhibiting decreased fractional anisotropy in combination with increased mean diffusivity in our sample also showed a significant increase in radial diffusivity in the absence of differences in axial diffusivity, which suggests that the major contributor to DTI anomalies in our sample may be myelinrelated pathology (Song et al., 2002) . Such an interpretation would also be in-line with the documented effects of normal ageing on myelin integrity, which is known to decrease with advancing age (Peters, 2002) . One notable difference with the ageing process, however, has to do with the absence of group differences on the occurrence of age-related white matter hyperintensities in our current sample. This could be indicative of differential pathomechanisms between normal ageing and ageing with a history of concussions, whereby vasogenic factors might play a minor role in the latter population. This may also be reflective of our sample where physical activity and body mass index, factors known to reduce cardiovascular pathology, were accounted for, thus minimizing or eliminating any group differences. Nevertheless, DTI metrics that are sensitive to small alterations in white matter microstructure allow important parallels to be drawn between normal ageing and ageing with a history of concussions. The currently reported group differences between older retired athletes with or without concussions match a pattern of anomalies that is consistent with the effects of normal ageing. We believe these observations suggest that the concussed brain is more vulnerable to the pathological effects of normal ageing. This interpretation would be in line with findings of exacerbated cortical thinning and ventricular expansion with advancing age in the same sample of former concussed athletes . Overall, these results provide support for the notion that structural injury from TBI, even if not grossly apparent, might reduce the resilience of the brain and expedite the degenerative effects of ageing (Moretti et al., 2012) . The consequence of this in practical terms may be that those individuals who have been concussed may experience age-related cognitive alterations earlier in life.
Comparisons with pathological ageing
It is also important to consider the possibility that the current pattern of anomalies might be associated with pathological ageing rather than normal ageing. As previously stated, numerous studies have drawn a parallel between a history of TBI and the later development of Alzheimer's disease (Sivanandam and Thakur, 2012) . Moreover, epidemiological studies have established links between a history of concussions and the onset of MCI, a condition often referred to as a prodromal state of Alzheimer's disease (Petersen et al., 1999; Guskiewicz et al., 2005) . However, studies investigating the white matter microstructure of patients with MCI using DTI have typically found a different pattern of anomalies of that found in the current sample. White matter anomalies in MCI patients are evident in the posterior regions of the brain as well as in the temporal lobes adjacent to the entorhinal and parahippocampal gyri (Chua et al., 2008; Liu et al., 2013; Nir et al., 2013; Stricker et al., 2013) . The splenium of the corpus callosum and the fornix are also affected (Zhang et al., 2007 (Zhang et al., , 2013 Wang et al., 2014) . Moreover, significant increases in axial diffusivity are uncovered throughout the brain (Nir et al., 2013) . This pattern is sharply distinct from the one documented here in older retired athletes with concussions, where anomalies are mostly frontal, sparing the splenium of the corpus callosum and fornix, with no observed differences in axial diffusivity. This contrast between MCI and concussion + ageing white matter anomaly profiles might be important in establishing a differential diagnosis when an elderly patient with a history of concussion presents with memory decline that does not impair daily living activities.
Ventricular system expansion and white matter tissue compression
In a previous study by our group, we were puzzled by the absence of noticeable grey or white matter atrophy in the presence of lateral ventricles enlargement in aged concussed athletes . We hypothesized from those observations that traumatic axonal injury might be responsible for a subtle white matter loss that would be undetectable using a wholebrain white matter volume analysis. The present study confirms that white matter anomalies are present in the brains of older concussed athletes, and shows that these anomalies are correlated with the extent of ventricular expansion in that population. However, the spatial pattern of anomalies is rather heterogeneous. Specifically, we found that expanded lateral ventricles were correlated with an increase in axial diffusivity in the white matter immediately adjacent to the lateral ventricles. Elsewhere in the brain, ventricular enlargement was correlated with increases in mean and radial diffusivity, the usual markers of axonal and myelin damage. This pattern of results implies that the white matter adjacent to the ventricular space may be slightly compressed under the influence of ventricular enlargement, potentially leading to a reduction in radial diffusivity and an increase in axial diffusivity (Mac Donald et al., 2007a) . This compression would decrease as a function of distance from the ventricles, potentially making the periventricular white matter more vulnerable to age-related degeneration. While this could be a pathomechanism specific to the concussed group, it is important to remember that, on average, older concussed athletes exhibit significant fractional anisotropy reduction in periventricular white matter compared to controls. Since we found no study looking at the relationship between ventricular volume and DTI metrics in normal or pathological ageing, this interpretation should be considered highly speculative.
Motor system abnormalities
Our group has documented sequential motor learning deficits in both young and older concussed athletes (De Beaumont et al., 2012b . Here, we investigated the relationship between sequential motor learning and white matter tract integrity across the entire brain. We found that in controls, white matter integrity of left frontal motor areas was correlated with sequential motor learning performance. This finding is consistent with the only other study documenting the relationship between sequential motor learning and DTI-based metrics of white matter integrity (Bennett et al., 2011) . In retired concussed athletes, we found no such relationship, leading to a significant group interaction over the same set of tracts. To help understand this effect, we need to consider that, compared to controls, aged concussed athletes exhibit reduced motor learning and reduced fractional anisotropy with increased mean diffusivity and radial diffusivity in corresponding tracts. From this observation, we can only speculate that the relationship between sequential motor learning and the integrity of the implicated fibre tracts in concussed athletes follows a non-linear relationship. In the normal range of motor function, this relationship might appear linear, while in the range at which concussed individuals operate, the relationship might flatten. Since motor system anomalies are observable in concussed athletes from their early adulthood (De Beaumont et al., 2007 , 2012b , adaptive plasticity might be responsible for a reorganization of motor circuitry operating throughout the lifespan that would alter the relationship between motor function and their usual microstructural correlates. This adaptive plasticity would not, however, lead to complete restoration of pre-trauma function.
Conclusion
Overall, we provide the first description of diffuse white matter anomalies in the brains of older but clinically normal, retired athletes with concussion history. We find these anomalies to be related to multiple cognitive and brain structure variables, which, in addition to previous functional and structural characterizations, begin to reveal a clinical profile that can be contrasted with other clinical entities. We suggest that the current characterization fits better with the pattern of changes that is typically observed in normal ageing. From this interpretation, we propose that the nature of the interaction between ageing and a history of concussions involves a latent microstructural injury that leaves the brain more vulnerable to the deleterious effects of ageing. That is to say, our results suggest that while ageing exerts its own effects on the brain, concussions act synergistically with the normal ageing process, resulting in detectable decline in both structure and function. 
